CLINICAL interest in hyperbaric oxygenation is recent, buit scientific curiosity abouit high-pressuire environment dates back to ancient times. Alexander the Great of Macedoinia was the earliest hyperbaric investigator of whom we have recorded evidence.' 2 He suirveyed the ocean depths in a glass and animal skin diving-bell ( fig. 1 ). Among his most remarkable observations was a fish of such extraordinary length that it required 3 days to svim by his viewing port. Certainly Alexander and his biographers were not given to uinderstatement, a trait they may share with subsequent workers in this field. During the past two centuries, scientists in many couintries have studied the biologic effects of increased environmental pressures with emphasis on the uinderwater civil and military applications of this knowledge. Sporadic efforts at treatment of various illnesses with compressed air alone have proved ineffectual and been abandoned with the exception of decompression sickness.3 More recently, however, Boerema and associates' have introduiced the hyperbaric chamber to the modern medical era by demonstrating enhanced oxygenation when increased atmospheric pres- Supported in part by Grants 07896-02, 01596-0851, IIE' 07363-02, lIE 047-02-4, NIl 2E-2e36, -IE 07563-02, NIlf 8669, and 63 G 127 fromii the National Heart Institute, U. S. Puhlic ilealtlh Service, The American Heart Association, and the North Carolina Heart Association. The survey of the literature for the article was completed in October 1964. 454 suires are combined wvith the respiration of pure oxygen. Present-day medical chambers reflect this concept in their design and employment.
In the moderni chamber alveolar oxygen te(-_nsions canl. be increased far beyond levels achieved by any other means. In practice, the patient respires puire oxygen from a mask or other appropriate delivery system while the chamber is pressurized with air. At several atmospherecs of environmental pressure the Figure less the physiologic importance of freely dissolved oxygen is great. The number of oxygen molecules forced into solution can be increased readily by a factor of 5 with respiration of pure oxygen. Oxygenation can be increased still further by increasing the atmospheric pressure. At 3 atmospheres of absolute pressure, the alveolar oxygen tension exceeds 2,000 mm. Hg, and perfectly equilibrated pulmonary capillary blood would contain 6 vols. per cent of oxygen in free solution, an amount exceeding the over-all metabolic requirements. This oxygen content of blood has been experimentally determined in normal animals and man during exposure to increased atmospheric pressure. 6 Certain vascular effects of hyperbaric oxygenation can be observed directly in the optic fundus in figure 1 . Hyperbaric oxygenation produces two major changes in the retinal vessels when they are compared to air-breathing control.9 First, marked constriction occurs in both veins and arteries, and smaller vessels are no longer visible. The caliber of the retinal vessel decreases further as the oxygen tension rises. Secondly, the normal color difference between retinal venous and arterial blood is lost. The general nature of the vasoconstrictive phenomenon is indicated by the calculated rise of systemic vascular resistance in normal subjects exposed to hyperbaric oxygena- group. An apparent excellent treatment response has been observed also in a youngster with purpura fulminans who developed profound peripheral ischemia, pain, and a blueblack discoloration of the distal extremities. '7 Since the natural history of this illness is often one of gangrene, amputation, and loss of life, the child was exposed intermittently to a total of 40 hours of hyperoxygenation at 2 atmospheres of pressure, in an attempt to oxygenate the hypoxic tissues. During each treatment the ischemic areas changed in color from purple to red and pain decreased noticeably. This child recovered completely. In another instance, a 53-year-old woman sustained a second myocardial infarction with cardiac arrest and resuscitation followed by sustained hypotension and a chaotic heart rhythm which could not be reversed by pharmacologic means. After all therapy had failed, the patient was subjected to Fire is the most serious consequence of technical failure. The problem is particularly acute here because there is no possible rapid escape from the interior of a pressurized chamber. The gaseous environment, instrumentation, and limited volume exaggerate the hazard, and fatal accidents due to fire have occurred in nonclinical facilities. The advent of therapeutic chambers has made a solution to the problem more difficult, since the circumstances of treatment may preclude attempts at movement of either the patient or attending personnel. We have attempted to solve our problem by eliminating all possible fire hazards and by providing a specific means of control if all precautions fail. The Duke Chamber contains no sparking electric motors. Air-powered motors drive the internal air conditioner and even turn the tonometer on the waterbath. The uniforms worn by personnel and all of the surgical drapes are impregnated with a special fire retardant. Although the chamber is pressurized and ventilated with air, enrichment of the internal environment with oxygen or anesthetic gas would be hazardous. For this reason, and in order to facilitate collection for measurement, expired air of oxygen-breathing patients and animals is vented through a special exhaust device directly to the exterior. A special partitioning valve system had to be designed in Circulation, Volumine XXXI, March 1965 order to perform this task without producing on the one hand a serious expiratory load resistance or on the other hand exposing the lungs of the patient to the large intolerable pressure gradient across the chamber wall.22 If a fire were to occur despite all precautions, a fire sprinkler system has been provided which incorporates sufficient pressure produced by a booster pump to overcome the resistance of a high atmospheric pressure within the chamber.
The research chamber must be engineered to permit quantitative measurement if results of treatment are to be evaluated properly. Every physiologic measurement made during a hyperbaric exposure requires a special engineering solution. For example, blood samples collected at 3 atmospheres will bubble and hemolyze if transferred outside the chamber for measurement. Therefore, equipment should be placed in the chamber for measurement of gas tension at the pressure of sample collection.
A patient subjected to a protracted hyperbaric exposure is isolated to a large extent from many of the hospital facilities that would be available ordinarily if a clinical requirement arose. Therefore, the operational chamber should contain essential emergency drugs and supplies, including tracheotomy and cutdown trays. Adequate nursing help and both integral operating and x-ray facilities should be incorporated, whenever possible, in future clinical hyperbaric chamber construction. If an acute surgical requirement were to occur during hyperoxygenation, the ability to move the patient to an operating room and perform the necessary surgical therapy without decompression would offer obvious advantages.
Another problem peculiar to hyperbaric exposure is decompression illness or "bends." A bends incidence of 2 to 6 Major respiratory gas-delivery problems have occurred in severely ill, dyspneic, and only partially oriented patients. Unfortunately, control of the airway by intubation has served these patients poorly. Pulmonary work and respiratory distress increase substantially as a result of an increased respiratory gas density during hyperbaric exposure. Airway intubation aggravates respiratory distress because of the inevitable reduction in size of airway lumen. This effect can be demonstrated readily in normal subjects by introducing tracheotomy fittings into a respiratory assembly and measuring pulmonary ventilatory and mechanical performance. 25 In addition to an increase of pulmonary work, airway resistance rises and flow rates decrease, as would be anticipated.
The most serious unsolved problem for the hyperbaric therapist is oxygen toxicity. Extreme hyperoxia can produce acute central nervous system symptoms and signs that terminate in convulsions and death.20 This form of oxygen toxicity is easily managed in man by discontinuing oxygen breathing promptly, but limits seriously the duration of safe exposure at oxygen pressures greater than 2i2 atmospheres absolute. Furthermore, patients may develop oxygen convulsions more readily than normal subjects. For example, a patient with sickle-cell disease in crisis convulsed after only 12 minutes of oxygen breathing, with a measured arterial blood oxygen tension of less than 1,200 mm. Hg (equivalent to a 2i2 atmosphere exposure).
A much more serious form of oxygen toxicity occurs in the lungs with excessive exposure to hyperbaric oxygenation.27 Characteristic irreversible findings of bronchopneumonia, congestion, and fibrinoid hyaline membrane formation appear with subsequent failure of respiratory gas exchange. This process terminates ultimately in death. However, an uninterrupted exposure of 3 to 5 hours does not produce symptoms of respiratory toxicity at inspired oxygen pressures of less than 3 atmospheres and forms the basis of most curremt treatment schedules.
A unique form of acidosis develops during hyperbaric oxygenation with displacement of acid into plasma, which would otherwise be bound isohydrically to the large venous pool of reduced hemoglobin. This phenomenon is caused by the less efficient buffering action of oxygenated venous hemoglobin. The extent of acidosis is small and limited to the venous circulation in normal animals and man with a pCO2 rise of 5 or 6 mm. Hg and pH fall of 0.01 unit.6' 28 However, animals subjected to hyperbaric oxygenation after surgical creation of a large venoarterial shunt demonstrated a very severe systemic acidosis, despite vigorous respirator-controlled ventilation. In this Circulation, Volume XXXI, March 1965 setting, the loss of a large fraction of the reduced hemoglobin acid buffer, the increased production of carbon dioxide, and the inefficient pulmonary clearance of carbon dioxide in the presence of a venoarterial shunt bypassing the lung, act synergistically, and carbonic acidosis results. This acidotic phenomenon becomes important clinically when children with cyanotic congenital heart disease are exposed to hyperbaric oxygenation.
Hyperbaric oxygenation has been shown by Mengel and associates29 to affect the red blood-cell population of animals with the appearance of hemolysis.29 Hemolysis is exaggerated by dietary depletion of antioxidants, such as vitamin E, and appears to be largely inhibited by supplemental feeding of animals with the same antioxidant. Significant hemolytic changes in patients, however, are rare. The relation of these observations to the clinical and pathologic manifestations of oxygen toxicity noted in the central nervous system and lungs is not clear as yet. If similar biochemical mechanisms are involved, current studies of factors producing hemolysis may provide information leading to more effective control of oxygen toxicity hazards in many organs.
Summary
In summary, hyperbaric oxygenation produces remarkable physiologic increases in oxygen transport to body tissues. However, potential benefit from hyperoxygenation in the treatment of ischemic disease appears dependent upon the presence of a partially intact capillary circulation. Improved means for prevention of oxygen toxicity and better technics of oxygen delivery to specific sites are required, if hyperbaric oxygenation is to fulfill present hopes for therapeutic application.
